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ABSTRACT

We analyse tLe Interactions of atmospheric sarcsols with s high-energy laser beam. The energy balance
equation allovss us to compute the conversion of the pulse energy into temperature increase, vaporisation,
coaduction, and convection. We also include the shrinkage *erm whoee significance has recently been dis-
cussed by Davies and Brock.

“INTRODUCTION

The propagation of & high-flux ream of electromagnetic radiation through the atmosphere results in a
viriety of interactions between the bvam and atmosptaric sarcsols presend along the propagation path. At
low irradiances,’ linear absorption and scatiering processes comprise the dominant serosol-beam interactions.
A+trosol heating and vaporisation become importacs us the irradiance increases;?~* for even highber irradiancen
hydrodynamic, plasma, and noalinear optical phenomens may occur.” For example, for micron.sise water

droplets irradiated by 10.6um light, heatiag and vapori-ition become significant at an irradiance ~ 10°
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W/cm?, whereas for irradiance levels > 10° W/cm? hydrodynamic, plasma, and nonlinear optical effects
become significant.

In this paper, we emphasise the intermediate irradiance regime, where asrosol heating and vaporisation
are important. In this case, the diffusive mass transport and conductive energy transport dominate the
asrosol-beam interactions. A nuraerical analysis of the coupled asroscl-beam equations allows us to compute
the energy conversion of the incident laser pulse. This will be given in the form of plots .aowing the
fractional energy conversica. We in:lude the droplet radius shrinking with time similar in form to that
recently analysed by Davies and Brock.*

AERCSOL HEATING AND VAPORIZATION

For an incompressilble droplet of density p and constant specific heat C, the general energy conservation

equation has the form

pg:(cn + %v’) +pV-[(CTe + ; + %v’)VI + 9 (~VTL) = W, (1)

where T, and v are the droplet temperature and velocity at any point of the droplet, x is the thermal
conductivity, and W is the rate at which the energy is absorbed by the beam. For moderate Quxes :onsidered
here the kinetic anergy term in the first term of Eq. (1) can be neglected as compared to the in‘:inal energy
of the drop. If a denotes the instantaneous droplet radius, we obtsin after integrating over the cphere with
the radius a + ¢, where ¢ is an infinitesimally small aumber:

4ra’
3

rma

)
pC% +4xa’m|L + C(T - Ty)| - 4t¢’K(%'_1:) + 414’22;’—2 = xalQ,F. (2)

Here we have defined thy mass lux m = pv; L is the heat of vaporisation, and Tp and T, refer to the
ambient temperature aad the temperature of the gas. The other symbols iz Eq. (2), K, ¢/, Q,, 4ad F
denote the thermal conduciivity and doldly.d the swronadiag medium, Mix absorption efficiency factor,
and the incidens flux, repeciively. Fiaally, 'th volame-averaged dropiet tamporature,® is identified with the
temperature T at the drop's surface. We note thas the lerm dxa?C(T - T;) occoants for the uroplet radius
shrinking with time. If Ti.y denotes 1he bolling tamperature, the relative significance of this term can be
expressed by the ratio C(Tieu — To)/L. For water droplets this does not exceed 15%; we retaln, however,
the shrinkage term for completeness.

Energy aad mase cnnservation ia the swrounding mediam allow us to computs the mas and heat Quxes.

If the explicit time dependence in the conservation equations is ignored, the Jesired relations are
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m= -a_‘n 1- Yoezp(k* - ﬁ) ! (3)
aT _ mCp(T - Tp)
K(_a—r')"' - _ezp(mPC,,a/K) -1 (4)

where D, M, and C, are the vapor-diffusion coefficient. molecular weight, and specific heat, respectively; R
is the ideal gas constant, and Y; is the ambient-vapor mass fraction in the surrounding medium.
Inserting Eq. (4) into Eq. (2), and using the relation m = —p3a/3¢, results in two coupled eqautions

for the droplet temperature and radius. These equations have the form

9T _3Q.F _ 3m C(T-T) . Gp(T-To) m?3 ,
gt 4apC “PC{L + m N exp(mCpa/K) -1 + Zp' b 5)
a
%=y ®

The beam irradiance F is given by the solution to transport equation, which—due to the dependence
of the scattering and absorption coefficients on F—defines a nonlinear transport problem

ENERGY DEPOSITION IN IRRADIATED DROPLETS

Equation (27 may be integrated term-by-term ovar the duration of the pulse and the volume of a single

droplet to determine the distribution of incident besm energy into different dissipative modes. This yields:

EQ + B + EQ + EY) = EP), (7)

where E,-(o’(t' = H,V,C,S) gives the energy deposited in heating, vaporisation, conduction, and drop shrick-
ing, respectively, and where Ep(0) is the energy of the pulse deposited in a single drop. In Eq. (7), we have
neglected the small contribution arising from the convection term. Integrating Eq. (10) over the volume

swept by the beam, whea the beam traverses a distance 5, we get the energy balance equation for the laser
beam. In fractional form, it reads

Qu+Qv+Qc+Qs =1 (8)

Here Q; = E;/Er(s m H,V,C, S) gives the fraction of the deposited beam energy. At a distance s from the
input plane, Ep can be computed from the equaiion

Er = - / F(r, t)dedP, (9)
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where Eg is the initial energy of the pulse.

In Fig. 1, we show the contributions of the energy terma in Eq. (8) for the low flux case in which the
maximum valuas of the irradiance of a Gaussian pulse is 10° W/cm3. For the sake of completeness, we also
skow in Fig. 2 the pulse irradiance as a function of the propagation distance s and the time ¢. In Figs. 3

and 4, we presen similar results for a higher flux case corresponding to Fae4x = 10° W/cm?.

CONCLUSIONS

In this paper, we have obtained solutions to the coupled system of droplet-beam equations, which are
valid for beams of moderate irradiance. The results of these calculations illustrate features of interest such
as punch-through and the significance of droplet vaporisation. For the low flux case, as shown in Fig. 1,
the beam energy is depleted primarily by the droplet vaporisation process. For the high flux case, Fig. 3,
the beam energy essentially remains constant although droplet vaporisation continues to be the dominant
process.

In future work, we will extend these results into the regime where convective vaporisztion and hydro-

dynamic effects must be includ-J.
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FIGURE 1. Energy balance for 5im water droplets irradiated by 10.6 um laser radiation; Faux =
1x 10° W/em3,
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FIGURE 2. Spatio-temporal bahavior of laser beam irradisace; Freax = 1% 10° W/cm?,
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FIGURE 3. Same as Fig. 1, but Fyyix = 1 % 10° W/cm3.
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FIGURE 4. Same as Fig. 2, but Fagax =1 x 10* W/cm?.



